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SUMMARY 

The techno logy  o f  advanced f i b e r  composites has matured t o  t h e  p o i n t  where 
these composites a r e  pr ime contenders f o r  v a r i o u s  s t r u c t u r a l  a p p l i c a t i o n s .  One 
of t h e  major  des ign  c o n s i d e r a t i o n s  f o r  pro longed s e r v i c e  o f  these composi tes i s  
f a t i g u e  due to c y c l i c  h y g r a l  ( m o i s t u r e ) ,  t he rma l ,  and mechanical  (hygrothermo- 
mechanica l )  l o a d i n g  c o n d i t i o n s .  Recent research  a c t i v i t i e s  a t  t h e  NASA Lewis 
Research Center  have l e d  to  t h e  development o f  fo rma l  procedures for p r e d i c t -  
i n g ,  u s i n g  computat ional  s i m u l a t i o n ,  f a t i g u e  i n  f i b e r  composi tes due t o  c y c l i c  
hygrothermomechanical l o a d i n g  c o n d i t i o n s .  These fo rma l  procedures have subse- 
q u e n t l y  been programmed i n t o  a computer module and embedded i n t o  t h e  I n t e g r a t e d  
Composites Ana lyze r  ( I C A N )  computer code. The o b j e c t i v e  o f  t h i s  paper i s  t o  
p r e s e n t  and d e s c r i b e  r e s u l t s  o b t a i n e d  u s i n g  t h e  augmented I C A N  computer code. 

INTRODUCTION 

Whi le t h e  age o f  f i b e r  composi te m a t e r i a l s  i s  upon us,  t h e  a b i l i t y  t o  
a c c u r a t e l y  p r e d i c t  t h e i r  performance, i n  terms o f  l i f e ,  i s  y e t  t o  come. As 
composites emerge i n  t h e  des ign  o f  c r i t i c a l  components s u b j e c t  t o  ha rsh  o p e r a t -  
i n g  c o n d i t i o n s ,  so emerge new parameters which must be cons ide red  i n  t h i s  l i f e  
p r e d i c t i o n .  
des ign  these components, one must o f t e n  r e l y  upon compu ta t i ona l  s i m u l a t i o n .  I n  
t h e  l a s t  decade, NASA Lewis has been v e r y  a c t i v e  i n  t h e  a rea  o f  composi te com- 
p u t a t i o n a l  s i m u l a t i o n .  

I n  v iew o f  t h e  d i f f i c u l t y  i n  o b t a i n i n g  measured d a t a  r e q u i r e d  to  

Research i n  t h e  a rea  o f  composi te mechanics has c u l m i n a t e d  i n  a p u b l i c l y  
a v a i l a b l e  computer code, I C A N  ( i n t e g r a t e d  Composites AJalyzer ( r e f .  1 ) ) .  The 
code i n c o r p o r a t e s  micromechanic and macromechanic equa t ions  a l o n g  w i t h  l a m i n a t e  
t h e o r y  t o  a n a l y z e l d e s i g n  m u l t i l a y e r e d  f i b e r  composi tes.  
i n c l u d e  c o n s t i t u e n t  m a t e r i a l  p r o p e r t i e s ,  f a b r i c a t i o n  process f a c t o r s ,  and geom- 
e t r y .  The o u t p u t  v a r i a b l e s  a r e  t h e  v a r i o u s  p l y  and composi te p r o p e r t i e s ,  com- 
p o s i t e  s t r u c t u r a l  response, and composi te s t r e s s  a n a l y s i s  r e s u l t s  w i t h  d e t a i l s  
on f a i l u r e .  Prior to  i t s  p u b l i c  r e l e a s e ,  c o n s i d e r a b l e  e f f o r t  was expended 
toward t h e  v a l i d a t i o n  o f  I C A N  ( r e f .  2). Recen t l y ,  I C A N  has been used t o  ana- 
l y z e  v a r i o u s  composi te s t r u c t u r e s  f o r  aerospace a p p l i c a t i o n s  ( r e f .  3, for 
example). 

I n p u t  v a r i a b l e s  

Most r e c e n t l y ,  research  has been d i r e c t e d  toward d e v e l o p i n g  methodology t o  
p r e d i c t  l i f e  and/or  d u r a b i l i t y  o f  composi te s t r u c t u r a l  components i n  an aero- 
space p r o p u l s i o n  env i ronment .  As such, t h e  c u r r e n t  methodologies have been 
extended t o  s i m u l a t e  and account f o r  t h e  combined c y c l i c  c h a r a c t e r i s t i c s  o f  
temperature,  m o i s t u r e ,  and a p p l i e d  mechanical  l o a d i n g  c o n d i t i o n s  which e x i s t  i n  
t h i s  t ype  of env i ronment .  The term,  hygrothermomechanical ,  a p p l i e s  t o  these 



combined c h a r a c t e r i s t i c s .  The methodologies developed t o  analyze t h e  hygro- 
thermomechanical f a t i g u e  o f  f i b e r  composi tes w i l l  be d iscussed as w e l l  as t h e i r  
a p p l i c a t i o n  t o  t h r e e  t y p i c a l  l a m i n a t e  c o n f i g u r a t i o n s  used i n  aerospace p r o p u l -  
s i o n  s y s t e m s .  

HYGROTHERMOMECHANICAL FATIGUE SIMULATION 

The method t o  p r e d i c t  t h e  hygrothermomechanical f a t i g u e  response o f  f i b e r  
composites i s  a two s t e p  procedure.  The i n i t i a l  s t e p  c o n s i s t s  o f  d e t e r m i n i n g  
t h e  composite p l y  s t r e n g t h  a s s o c i a t e d  w i t h  each t y p e  o f  c y c l i c  l o a d :  mechani- 
c a l ,  thermal and h y g r a l .  The n e x t  s t e p  i s  t o  determine t h e  e f f e c t  o f  combined 
c y c l i c  l o a d i n g .  Wi th  these c o n s i d e r a t i o n s ,  c r i t e r i a  can be e s t a b l i s h e d  t o  
assess t h e  d u r a b i l i t y  o f  t h e  f i b e r  composi te u s i n g  measures such as marg in  o f  
s a f e t y  and /o r  r e s i d u a l  s t r e n g t h  marg in.  Each s t e p  w i l l  now be d i scussed  i n  
d e t a i  1 .  

F a t i g u e  S i m u l a t i o n  

D u r a b i l i t y  and damage t o l e r a n c e  i s  g e n e r a l l y  assessed by d e t e r m i n i n g  t h e  
s t r e s s  t h a t  t h e  composi te can c a r r y  r e l a t i v e  to t h e  i n - s i t u  composi te s t r e n g t h .  
S i m p l i f i e d  methods have been developed to  determine t h e  p l y  s t r e n g t h  o f  compos- 
i t e s  s u b j e c t  t o  v a r i o u s  types o f  c y c l i c  l o a d i n g .  For ins tance ,  e q u a t i o n  ( 1 )  i s  
used to determine t h e  p l y  s t r e n g t h ,  SQ,--~. due t o  a p a r t i c u l a r  component o f  t h e  
a p p l i e d  mechanical  l o a d .  

1 /2 S 
Qcyc = [i:: 1 io] - B l o g  N 
Qo 

( 1 )  

The v a l u e  o f  Sacyc i s  a s s o c i a t e d  w i t h  t h e  i n i t i a l  d e f e c t l g r o w t h  caused 
by t h e  c y c l i c  mechanical  l o a d  which i s  assumed to  be o f  c o n s t a n t  s t r e s s  ampl i -  
t ude .  Th is  d e f e c t  u s u a l l y  r e s u l t s  i n  a f a i l u r e  mode c h a r a c t e r i z e d  b y  t r a n s p l y  
c r a c k i n g  or d e l a m i n a t i o n .  The hygrothermal  e f f e c t s  a r e  accounted for  i n  t h e  
e q u a t i o n  which i s  r e a d i l y  a p p l i c a b l e  once a l l  t h e  v a r i a b l e s  a r e  known. The 
s e r v i c e  temperature,  T, and number o f  c y c l e s ,  N, a r e  known from t h e  d e s i g n  
requ i remen ts .  The r e f e r e n c e  temperature,  To, u s u a l l y  i s  taken t o  be room tem-  
p e r a t u r e .  The d r y  g l a s s  t r a n s i t i o n  temperature,  TGD, i s  a m a t e r i a l  c h a r a c t e r -  
i s t i c  of t h e  polymer m a t r i x .  The wet g l a s s  t r a n s i t i o n  temperature,  TGW, can be 
e s t i m a t e d  from e q u a t i o n  (2) ( r e f .  4 )  where M i s  t h e  amount o f  m o i s t u r e  i n  t h e  
composi te,  expressed as a percentage o f  we igh t .  

TGW = (0.005M2 - 0.1M + 1 )  TGD ( 2 )  

Whi le e q u a t i o n  ( 1 )  a p p l i e s  t o  composi te l am ina tes  w i t h o u t  d e f e c t s ,  i . e . ,  
no ho les  or c u t - o u t s ,  t h e  same e q u a t i o n  can be a p p l i e d  t o  lam ina tes  w i t h  
d e f e c t s  as d iscussed i n  re fe rence  5 u s i n g  t h e  s t r e s s  c o n c e n t r a t i o n  f a c t o r s .  
The v a r i a b l e ,  6 ,  i s  known as t h e  c y c l i c  s t r e s s  degrada t ion  c o e f f i c i e n t  and w i l l  
be d iscussed s h o r t l y .  

When exposed t o  thermal c y c l e s ,  composi tes o f t e n  exper ience t h e  phenomenon 
known as m i c r o c r a c k i n g  or t r a n s p l y  c r a c k i n g .  Designers a r e  t h e r e f o r e  i n t e r -  
es ted  i n  t h e  number o f  c y c l e s ,  NT,  to  cause t h e  i n i t i a l  c rack .  For t h i s  pur-  
pose, t h e  same v a r i a b l e s  i n  e q u a t i o n  ( 1 )  can be rea r ranged  t o  p r e d i c t  NT i n  
e q u a t i o n  ( 3 ) .  
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To be used i n  t h i s  c o n t e x t ,  n o t  o n l y  must t h e  d e s i g n e r  supp ly  t h e  v a r i o u s  
temperatures ( T ,  To, TGW, and TGD), t h e  c o e f f i c i e n t  B, and t h e  p l y  t r a n s v e r s e  
s t r e n g t h ,  S Q ~ ,  b u t  a l s o  t h e  c y c l i c  temperature amp l i t ude ,  AT,  and t h e  p l y  
s t r e s s  which r e s u l t s  from i t  (allcyc>. Space does n o t  p e r m i t  f u r t h e r  d i s c u s s i o n  
on t h i s  method; however, a step-by-step procedure f o r  a p p l y i n g  t h i s  e q u a t i o n  i s  
g i v e n  i n  r e f e r e n c e  5 .  The p o i n t  wor th  men t ion ing  i s  t h a t  t h e  e q u a t i o n  consid-  
e r s  a l l  ranges o f  temperature amp l i t ude  as shown i n  f i g u r e  1 .  

I f  on t h e  o t h e r  hand, one i s  mere ly  i n t e r e s t e d  i n  t h e  r e s u l t i n g  s t r e s s  
from a d i s c r e t e  number o f  thermal c y c l e s ,  then e q u a t i o n  (3) can be arranged 
i n t o  t h e  same fo rma t  as e q u a t i o n  ( 1 )  where t h e  s t r e n g t h ,  S l l cYc ,  i s  c a l c u l a t e d .  
L ikewise,  composites can exper ience  exposure t o  a c y c l i c  h y g r a l  environment 
whereby a s t r u c t u r e  i s  r e p e a t e d l y  s a t u r a t e d  and d r i e d  o u t .  Whi le  t h e  e f f e c t s  
o f  the  h y g r a l  environment on composites have n o t  c o n c l u s i v e l y  been presented i n  
t h e  l i t e r a t u r e ,  an analogous form o f  equa t ion  ( 1 )  can be a p p l i e d  t o  determine 
t h e  r e s u l t i n g  composi te s t r e n g t h ,  for  t h e  case o f  h y g r a l  l o a d i n g .  

There fo re ,  e q u a t i o n  ( 1 )  can be used to  determine t h e  composi te p l y  
s t r e n g t h  r e s u l t i n g  from a l l  t h e  independent c y c l i c  l oads :  mechanica l ,  t he rma l ,  
and h y g r a l .  The d i s t i n g u i s h i n g  v a r i a b l e  i n  t h i s  e q u a t i o n  i s  t h e  c o e f f i c i e n t ,  
B, which i s  an e m p i r i c a l  v a l u e  i n d i c a t i v e  o f  t h e  r a t e  a t  which t h e  composi te 
m a t e r i a l  degrades w i t h  each c y c l e .  As such, 6 i s  a f u n c t i o n  o f  t h e  composi te 
m a t e r i a l  system used, p r i m a r i l y  a f f e c t e d  by t h e  composi te s t r e n g t h  ( r e f .  6). 
A p rev ious  research  program a t  NASA Lewis determined t h e  va lue  o f  B f o r  a 
g r a p h i t e l e p o x y  s y s t e m  t o  be about  0.1 f o r  a mechanical  c y c l i c  l o a d  ( r e f .  6). 
Note t h a t  t h i s  c o e f f i c i e n t  w i l l  change fo r  each t y p e  o f  c y c l i c  l oad .  

The r e l a t i o n s h i p  o f  these v a r i a b l e s  and a p p l i c a t i o n  o f  these equa t ions  i s  
c o n c i s e l y  summarized i n  f i g u r e  2 .  H e r e  t h e  r e s u l t s  o f  e q u a t i o n  (3) a r e  p l o t t e d  
as the  number o f  thermal  c y c l e s  t o  f a i l u r e  f o r  a CO/9031s g r a p h i t e / e p o x y  l am i -  
na te .  S ince B i s  n o t  known fo r  a l l  c o n d i t i o n s ,  a range i s  used t o  examine 
t h e  e f f e c t  i t  w i l l  have on t h e  composi te.  The l i f e ,  i n  t e r m s  o f  thermal  
c y c l e s ,  i s  v e r y  s e n s i t i v e  t o  B .  Note. a l s o  t h a t  t h i s  f i g u r e  shows t h e  sens i -  
t i v i t y  o f  N i n  r e l a t i o n  t o  t h e  composi te s t r e n g t h ,  S Q ~ ,  i n  t h e  equa t ions .  
The p o i n t  t o  no te  here,  i s  t h a t  o f t e n  t h e  composi te s t r e n g t h  ( e i t h e r  g i v e n  as 
a m a t e r i a l  p r o p e r t y  or determined by micromechanics) can be e i t h e r  a conserva- 
t i v e  or i n f l a t e d  ( r e f .  1 )  v a l u e  (compared t o  t h e  a c t u a l  i n - s i t u  v a l u e )  depend- 
i n g  on t h e  source used to  o b t a i n  i t .  Therefore,  due t o  i t s  s e n s i t i v i t y ,  
p r e d i c t i o n s  f o r  l i f e  can o n l y  be as accu ra te  as t h e  composi te s t r e n g t h  
p rov ided .  

These equa t ions  and r e l a t i o n s h i p s  have been programmed as modules i n  t h e  
I C A N  computer code. S ince t h e  code c o n t a i n s  a r e s i d e n t  d a t a  base, hous ing  con- 
s t i t u e n t  m a t e r i a l  p r o p e r t i e s ,  t h e  user  need o n l y  p r o v i d e  as i n p u t  t h e  l a m i n a t e  
c o n f i g u r a t i o n ,  m a t e r i a l  sys tem,  e t c . ,  as d e s c r i b e d  i n  r e f e r e n c e  1 .  A s  p a r t  o f  
t h e  o u t p u t ,  t a b l e s  c o n t a i n i n g  t h e  p r e d i c t i o n  o f  thermal  c y c l e s ,  N, as a func -  
t i o n  o f  t h e  c o e f f i c i e n t ,  B, a r e  p r i n t e d  o u t .  
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Hygrothermomechanical E f f e c t s  

I n  many s i t u a t i o n s ,  a composi te s t r u c t u r e  may exper ience o n l y  one o f  t h e  
c y c l i c  loads ment ioned. However, i n  an aerospace p r o p u l s i o n  system, a compos- 
i t e  s t r u c t u r e  w i l l  be s u b j e c t  t o  a l l  o f  those c o n d i t i o n s .  Since v e r y  l i t t l e  
exper imenta l  da ta  i s  a v a i l a b l e  i n  t h i s  regime, computat ional  s i m u l a t i o n  i s  used 
t o  understand and p r e d i c t  composi te behav io r  and response. I n  a d d i t i o n ,  s i n c e  
many o f  these components a re  c r i t i c a l  ( l i f e - l i m i t i n g )  i tems r e l a t i v e  t o  t h e  
e n t i r e  s t r u c t u r e ,  r e l i a b l e  l i f e  p r e d i c t i o n  i s  an i m p o r t a n t  i s s u e .  

F i g u r e  3 c o n t a i n s  t h e  equa t ions  p r e v i o u s l y  c i t e d ,  and t h e i r  i n c o r p o r a t i o n  
i n t o  a u n i f i e d  e q u a t i o n  f o r  t h e  combined c y c l i c  l o a d i n g  s t r e s s .  The e q u a t i o n  
i n c l u d e s  mechanical l o a d  c y c l i n g ,  thermal c y c l i n g ,  and h y g r a l  c y c l i n g .  Note 
t h a t  t he  equa t ion  p r e d i c t s  a s t r e s s  on a p l y - b y - p l y  b a s i s ,  f o r  a p a r t i c u l a r  
component o f  t h e  c y c l i c  l o a d  and for c o n s t a n t  amp l i t ude  o f  each o f  t h e  c y c l i c  
l oads .  The composite s t r e n g t h  p r e d i c t e d  i n  s t e p  1 i s  now used i n  t h e  hygro- 
thermomechanical e q u a t i o n .  The e q u a t i o n  can be a p p l i e d  t o  a v a r i e t y  o f  condi -  
t i o n s :  ( 1 )  v a r i a b l e  c y c l i c  amp l i t ude  can be handled by a p p l y i n g  the  equa t ion  
to  each amp l i t ude  and summing t h e  co r respond ing  terms, or ( 2 )  combined mechani- 
c a l  s t r e s s  s t a t e s  can be handled by u s i n g  a v a i l a b l e  combined s t r e s s  f a i l u r e  
c r i t e r i a  ( r e f .  1 ) .  W i th  t h e  hygrothermomechanical composi te s t r e s s  (uC), a 
r e l a t i o n s h i p  can be e s t a b l i s h e d  to  assess t h e  d u r a b i l i t y  o f  t h e  composi te.  I n  
equa t ion  ( 4 ) .  t he  d u r a b i l i t y  i s  assessed i n  terms o f  the  rema in ing  s t r e n g t h  
r a t i o  a f t e r  deg rada t ion  due t o  t h e  s p e c i f i e d  number o f  c y c l e s .  

MOS, = 1 - re) ( 4 )  

Here the  remain ing s t r e n g t h  r a t i o  i s  be ing  c a l c u l a t e d  w i t h  r e s p e c t  to the  lon-  
g i t u d i n a l  d i r e c t i o n .  The l o n g i t u d i n a l  composi te s t r e s s ,  q - 1 1 ,  i s  determined by 
t h e  hygrothermomechanical e q u a t i o n .  The r a t i o ,  uC-~/SQ~~T, s u b t r a c t e d  from 1 
y i e l d s  a margin o f  s a f e t y  (MOS) or rema in ing  s t r e n g t h  margin which w i l l  a i d  a 
des igner  i n  making a l i f e  p r e d i c t i o n .  

The margin o f  s a f e t y  r e l a t i o n s h i p  i s  a l s o  i n c l u d e d  as a module i n  the  I C A N  
code. The composite s t r e s s e s  a r e  p r e d i c t e d  for a l l  modes: l o n g i t u d i n a l ,  
t r a n s v e r s e ,  and shear a l l o w i n g  the  des igner  t o  r e a d i l y  determine the  MOS f o r  
each mode. 

APPLICATION 

Three lam ina te  c o n f i g u r a t i o n s  w e r e  s e l e c t e d  to  demonstrate the  computa- 
t i o n a l  s i m u l a t i o n  d e s c r i b e d  above. The lam ina te  c o n f i g u r a t i o n s  a re  rep resen ta -  
t i v e  o f  t y p i c a l  a e r o p r o p u l s i o n  s t r u c t u r e s  and i n c l u d e :  ( 1 )  a q u a s i - i s o t r o p i c ,  
[0/*45/901s, ( 2 )  p ressu re  vessel  type - C*10/9041s and, ( 3 )  engine b lade  type, 
[03/i30ls. 
system w i t h  0.62 f i b e r  volume r a t i o .  

A l l  t he  analyses were conducted u s i n g  a T300 g r a p h i t e / 9 3 4  r e s i n  

One o f  t he  o b j e c t i v e s  o f  t h e  s i m u l a t i o n  i s  t o  determine t h e  number o f  
cyc les  to  i n i t i a t e  t r a n s p l y  c r a c k i n g  as was p r e v i o u s l y  ment ioned. A l though n o t  
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discussed i n  t h i s  paper ,  ano the r  term can e a s i l y  be added t o  t h e  hygrothermo- 
mechanical  equa t ion ,  and t h a t  i s  one o f  a s teady s t a t e  or s t a t i c  l oad .  Wi th 
t h i s  i n  mind, each o f  t h e  l a m i n a t e  c o n f i g u r a t i o n s  was analyzed w i t h  v a r i o u s  
combinat ions o f  mechanica l ,  t he rma l ,  and h y g r a l  l oads .  The a n a l y s i s  was based 
upon t h e  assumption t h a t  t h e  degrada t ion  c o e f f i c i e n t s  a s s o c i a t e d  w i t h  these 
v a r i o u s  l o a d i n g  c o n d i t i o n s  a r e  equa l ,  i . e . ,  BL = BT = BM = 0.1.  The r e s u l t s  
a r e  shown i n  t a b l e  I and i n c l u d e  t h e  p r e d i c t i o n  o f  c y c l e s  t o  i n i t i a t e  t r a n s p l y  
c r a c k i n g  ( m i c r o c r a c k i n g )  g i v e n  t h e  v a r i o u s  l o a d i n g  c o n d i t i o n s .  I t  can be seen 
t h a t :  ( 1 )  t h e  mechanical  l o a d  w i t h  r e s i d u a l  s t r e s s  i s  t h e  m o s t  c r i t i c a l  cond i -  
t i o n ,  ( 2 )  1 p e r c e n t  m o i s t u r e  ( h y g r a l )  c y c l i n g ,  a lone ,  i s  i n s i g n i f i c a n t  and can 
be n e g l e c t e d ,  and ( 3 )  t h e  b lade  c o n f i g u r a t i o n  i s  n o t  l i k e l y  t o  e x h i b i t  t r a n s p l y  
c racks  under any c y c l i c  c o n d i t i o n  s i n c e  t h e  s t r u c t u r e  i t s e l f  i s  u s u a l l y  n o t  i n  
s e r v i c e  t h a t  l ong .  I n  t h e  absence o f  exper imen ta l  da ta ,  t h i s  s i m u l a t i o n  
y i e l d s ,  a t  t h e  v e r y  l e a s t ,  a l i f e  p r e d i c t i o n  i n  terms o f  number o f  c y c l e s  which 
can be used for, and I n ,  a p r e l i m i n a r y  des ign  a n a l y s i s .  

I n  ano the r  a p p l i c a t i o n ,  t h e  d u r a b i l i t y  o f  a composi te i n  a hygrothermo- 
mechanical  environment i s  determined.  Each l a m i n a t e  c o n f i g u r a t i o n  was analyzed 
a c c o r d i n g l y .  There w e r e  f o u r  thermal c o n d i t i o n s :  ( 1 )  t h e  use temperature 
( t a k e n  as room temperature)  t o  e s t a b l i s h  a re ference,  (2 )  t he  r e s i d u a l  e f f e c t s  
o f  c u r i n g  w e r e  taken i n t o  account  u s i n g  a cu re  temperature o f  177 "C (350 "F ) ,  
( 3 )  an e l e v a t e d  temperature o f  121 "C (250 "F )  i s  on one end o f  a thermal 
c y c l e ,  and ( 4 )  on t h e  o t h e r  end, t h e  c ryogen ic  temperature o f  -184 "C (-300 O F )  

was cons ide red .  
1 p e r c e n t  m o i s t u r e  by we igh t .  S t a t i c  l o n g i t u d i n a l  and t r a n s v e r s e  loads equal  
t o  50 and 75 pe rcen t  o f  t h e  f a i l u r e  l oads  were a p p l i e d .  F i n a l l y ,  a t e n s i l e  
mechanical  c y c l i c  l o a d  r a n g i n g  from 0 t o  50 p e r c e n t  o f  t h e  composi te f a i l u r e  
l o a d  was a p p l i e d  f o r  100, 1000, 5000, and 10 000 c y c l e s .  

The composi tes were analyzed as d r y  - 0 pe rcen t  and wet - 

The c o n d i t i o n s  w e r e  chosen to  adequa te l y  s i m u l a t e  t h e  environment t h a t  any 
o f  these lam ina tes  c o u l d  encounter  as t y p i c a l  aerospace s t r u c t u r e s .  A l though  a 
complex l o a d i n g  c o n d i t i o n ,  t h e  u s e r - f r i e n d l y  i n p u t  f o r m a t  o f  I C A N  p e r m i t s  t h i s  
d a t a  t o  be en te red  e a s i l y  and q u i c k l y .  Due t o  space l i m i t a t i o n s ,  o n l y  one lam- 
i n a t e ,  t h e  p ressu re  vessel  t y p e  ( [ *10/9041s) ,  w i l l  be d iscussed.  The r e s u l t s  
can be p resen ted  i n  two forms: bar  c h a r t s  and endurance l i m i t  (S-N) t y p e  
cu rves .  A l though  I C A N  does n o t  i n c l u d e  a s e l f - c o n t a i n e d  g r a p h i c s  c a p a b i l i t y ,  
t h e  d a t a  i s  r e a d i l y  r e t r i e v a b l e  from t h e  o u t p u t  and p l o t t e d  h e r e i n  u s i n g  t h e  
R S /  1 sof tware package. 

For t h e  purpose o f  d i s c u s s i o n ,  t h e  l o a d i n g  environment c o n s i s t i n g  o f  a 
s t a t i c  l o a d  equal  to  50 p e r c e n t  of t h e  s t a t i c  f a i l u r e  l o a d  and a c y c l i c  l o a d  
equal  to  50 pe rcen t  o f  t h e  s t a t i c  f a i l u r e  l o a d  has been chosen. I t  i s  wor th  
n o t i n g  t h a t  t h i s  combined l o a d i n g  o f  50 p e r c e n t  for  each, should induce a s i n -  
g l e  c y c l e  f a i l u r e .  However, t h i s  i s  n o t  t h e  case s i n c e  t h e  s t a t i c  f a i l u r e  i s  
determined u s i n g  a combined s t r e s s  c r i t e r i o n  which uses t h e  squares o f  t h e  
r a t i o s .  The c a l c u l a t e d  MOS f o r  t h e  v a r i o u s  modes i s  p l o t t e d  as a f u n c t i o n  o f  
t h e  p r e s c r i b e d  number o f  c y c l e s ,  0 and 1 p e r c e n t  m o i s t u r e  and v a r i o u s  tempera- 
t u r e s .  F i g u r e  4 shows t h e  r e s u l t s  f o r  t h e  reference temperature which i s  21 "C 
(70 O F > .  These r e s u l t s  can be i n t e r p r e t e d  i n  t h e  f o l l o w i n g  manner. F i r s t ,  
o n l y  d a t a  p o i n t s  which cross t h e  z e r o  a x i s  i n d i c a t e  a p l y  f a i l u r e  i n  t h a t  pa r -  
t i c u l a r  mode. Hence, t h e  90" p l y  i n  a d r y  c o n d i t i o n  w i l l  f a i l  i n  a t r a n s v e r s e  
mode v e r y  q u i c k l y  under t h e  p r e s c r i b e d  c o n d i t i o n s .  Note t h a t  w i t h  t h e  presence 

5 



o f  1 pe rcen t  m o i s t u r e ,  t h i s  t r a n s v e r s e  mode would n o t  be t h e  dominant f a i l u r e  
mode. I n s t e a d ,  t he  10" p l y  i s  most l i k e l y  to  f a i l  f i r s t  i n  a l o n g i t u d i n a l  
mode. T h i s  d e f i n i t e l y  demonstrates t h e  s e n s i t i v i t y  o f  t r a n s p l y  c r a c k i n g  t o  
env i ronmenta l  c o n d i t i o n s  and t h e  advantage o f  h a v i n g  t h e  computat ional  s imula-  
t i o n  procedure desc r ibed .  

I n  f i g u r e  5, t h e  r e s u l t s  o f  t h e  f a b r i c a t i o n  process,  namely t h e  r e s i d u a l  
s t r e s s e s  r e s u l t i n g  from t h e  cu re  temperature,  a r e  accounted for. The r e s u l t s  
i n d i c a t e  t h a t  t h e  90" p l y  f a i l s  i n  a t r a n s v e r s e  mode sometime w i t h i n  t h e  f i r s t  
100 c y c l e s  for  a d r y  specimen. I n  t h e  presence o f  m o i s t u r e ,  t h e  l a m i n a t e  i s  
more d u r a b l e  i n  t h a t  i t  does n o t  exper ience f a i l u r e  u n t i l  1000 c y c l e s .  

The same t r e n d  i s  observed i n  f i g u r e  6 when t h e  l a m i n a t e  i s  exposed t o  a 
h i g h  temperature,  121 "C (250 O F ) .  Under these c o n d i t i o n s ,  m o i s t u r e  has v e r y  
l i t t l e  e f f e c t  on t h e  behav io r  of t h e  composi te and t h e  most l i k e l y  p l y  t o  f a i l  
i s  once a g a i n  t h e  90" p l y  a t  app rox ima te l y  1000 c y c l e s .  

The r e s u l t s  o f  t h e  l a s t  thermal  c o n d i t i o n ,  c ryogen ic  temperature o f  
-184 " C  (-300 O F ) ,  a re  shown i n  f i g u r e  7 .  A s  was observed a t  t h e  h i g h  tempera- 
t u r e ,  m o i s t u r e  has v e r y  l i t t l e  e f f e c t  on t h e  composi te b e h a v i o r .  Once again,  
t h e  90" p l y  i s  t h e  most l i k e l y  t o  f a i l  i n  a t r a n s v e r s e  mode around 1000 c y c l e s .  
I n  t e r m s  o f  d u r a b i l i t y ,  g i v e n  t h e  p r e s c r i b e d  c o n d i t i o n  and a l l  thermal  ranges,  
t h i s  l a m i n a t e  c o n f i g u r a t i o n  1 s  a poor des ign  w i t h  r e s p e c t  to  a p r e s c r i b e d  l i f e  
of  10 000 c y c l e s .  

The r e s u l t s  can a l s o  be conveyed as ba r  c h a r t s  as shown i n  f i g u r e  8 ,  which 
a r e  t h e  same r e s u l t s  t h a t  were d i s p l a y e d  i n  f i g u r e  7 .  I n  t h i s  f o r m a t ,  one can 
e l i m i n a t e  unsafe des igns w i t h  a c u r s o r y  g lance .  I t  may be argued t h a t  a l l  o f  
t h e  r e s u l t s  p resen ted  a r e  i n t u i t i v e  when one c o n s i d e r s  t h e  l a m i n a t e  c o n f i g u r a -  
t i o n  chosen and t h e  l o a d i n g  c o n d i t i o n s  a p p l i e d .  However, these methods do much 
more than  y i e l d  a p r e d i c t i o n .  They p o i n t  o u t  t h e  complex in terdependency and 
s e n s i t i v i t y  o f  t h e  f a c t o r s  i n v o l v e d  and suggest a des ign  l i f e ,  i n  terms o f  
c y c l e s ,  which des igne rs  a r e  most i n t e r e s t e d  i n .  

, 

CONCLUSIONS 

These methods l e n d  themselves e f f i c i e n t l y  t o  a p a r a m e t r i c  s tudy .  A s  i s  
o f t e n  t h e  case, due to  l a c k  of a complete s e t  o f  c o n s t i t u e n t  m a t e r i a l  proper-  
t i e s  or l i m i t e d  knowledge on t h e  a c t u a l  env i ronment ,  a p a r a m e t r i c  s tudy  i s  
conducted b e f o r e  t h e  a c t u a l  s t r u c t u r a l  a n a l y s i s .  The r e s u l t s  o b t a i n e d  demon- 
s t r a t e  t h a t  i t  i s  now p o s s i b l e  t o  q u a n t i f y  hygrothermomechanical f a t i g u e  i n  
f i b e r  composites accoun t ing  for :  ( 1 )  t h e  e f f e c t s  o f  c o n s t i t u e n t s ,  ( 2 )  i n d i v i d -  
u a l  l o a d i n g  c o n d i t i o n s ,  and (3) combinat ions of l o a d i n g  c o n d i t i o n s ,  i n c l u d i n g  
u n i a x i a l  and b i a x i a l  loads u s i n g  o n l y  one computer code. F u r t h e r ,  i t  i s  p o s s i -  
b l e  to  i d e n t i f y  t h e  p a r t i c i p a t i n g  m ic romechan is t i c  f a i l u r e  modes due t o  
f a t i g u e ;  t he reby  e s t a b l i s h i n g  g u i d e l i n e s  for t h e  s e l e c t i o n  o f  composi te c o n s t i -  
t u e n t s  for a s p e c i f i e d  f a t i g u e  l i f e .  
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6. Abstract 
The techno logy  o f  advanced f i b e r  composi tes has matured t o  t h e  p o i n t  where these 
composi tes a r e  pr ime contenders f o r  v a r i o u s  s t r u c t u r a l  a p p l i c a t i o n s .  One o f  t h e  
major  des ign  c o n s i d e r a t i o n s  f o r  p ro longed  s e r v i c e  o f  these composi tes i s  f a t i g u e  
due t o  c y c l i c  h y g r a l  ( m o i s t u r e ) ,  t he rma l ,  and mechanical  (hygrothermomechanical)  
l o a d i n g  c o n d i t i o n s .  
have l e d  t o  t h e  development o f  f o r m a l  procedures f o r  p r e d i c t i n g ,  u s i n g  computa- 
t i o n a l  s i m u l a t i o n ,  f a t i g u e  i n  f i b e r  composites due to  c y c l i c  hygrothermo- 
mechanical  l o a d i n g  c o n d i t i o n s .  These fo rma l  procedures have subsequent ly  been 
programmed i n t o  a computer module and embedded i n t o  t h e  I n t e g r a t e d  Composites 
Ana lyze r  ( I C A N )  computer code. The o b j e c t i v e  o f  t h i s  paper i s  t o  p r e s e n t  and 
d e s c r i b e  r e s u l t s  o b t a i n e d  u s i n g  t h e  augmented I C A N  computer code. 
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